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Magnetism and superconductivity in M 5Rh4Ge10 „M5Gd, Tb, Dy, Ho, Er, Tm, Lu, and Y …

N. G. Patil and S. Ramakrishnan
Tata Institute of Fundamental Research, Mumbai-400005, India

~Received 12 January 1998; revised manuscript received 9 September 1998!

Low-temperature resistivity, magnetization and heat-capacity studies are reported for the isostructural
M5Rh4Ge10 (M5Gd, Tb, Dy, Ho, Er, Tm, Lu, and Y! series. Some of the compounds (M5Gd, Tb, Er, and
Tm! show multiple magnetic transitions below 15 K while others~M5Dy and Ho! exhibit only a single
magnetic transition. The four magnetic transitions observed for Gd5Rh4Ge10 and Tb5Rh4Ge10 are unusual in
that the one at the highest temperature is a second-order phase transition while the other three are first-order
transitions probably involving moment reorientations. An anisotropic exchange interaction is proposed as the
cause of the multiple transitions. Of the nonmagnetic compounds, Lu5Rh4Ge10 shows superconductivity below
2.4 K whereas Y5Rh4Ge10 remains normal down to 1.7 K. The results are compared with those of the
previously investigatedM5Ir4Si10 series.@S0163-1829~99!01613-6#
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I. INTRODUCTION

Ternary rare-earth silicides and germanides form in a r
variety of crystal structures.1,2 Some of them incorporate tra
ditionally magnetic 3d elements such as Co, Fe, and
while retaining their superconducting properties. It turns
that in these compounds, the 3d atoms have no magneti
moment on them. However, they participate in building up
high density of states at the Fermi level which is respons
for the superconductivity. In particular, some rare-earth co
pounds with the tetragonal Sc5Co4Si10 (P4/mbm) prototype
structure3 show the coexistence of magnetism and superc
ductivity with possible charge-density-wave ordering
higher temperatures.3–16 One of the interesting features o
this structure is the absence of direct transition-transit
metal contacts. The transition-metal atoms are connecte
each other either through a rare-earth or Si/Ge atom. Th
in marked contrast to the cluster type superconducting c
pounds such as,MMo6S8 ~Ref. 17! and MRh4B4 ,18 which
have been studied in great detail. Earlier studies19–20showed
that it was possible to form theM5Rh4Ge10 series with heavy
rare-earth elements~and also with Y!. Since some of the
compounds belonging to theM5Ir4Si10 series4,8 exhibit un-
usual superconducting and magnetic properties, it was an
pated that similar properties would be exhibited by t
M5Rh4Ge10 family. With this in view, as a part of our de
tailed study of this series, we report resistivity~2–300 K!,
magnetization~2–300 K! and heat-capacity~2–35 K! mea-
surements forM5Rh4Ge10 ~M5Gd, Tb, Dy, Ho, Er, Tm, Lu,
and Y!. Our results for theM5Rh4Ge10 series will be com-
pared with those from previous investigations of t
M5Ir4Si10 series. The results are divided into three groupin
~A, B, and C! to facilitate comparison among compoun
with nonmagnetic ground state~A!, compounds that have
single magnetic transitions~B! and those which exhibit mul
tiple transitions~C!.

II. EXPERIMENTAL DETAILS

Samples of theM5Rh4Ge10 ~M5Gd, Tb, Dy, Ho, Er, Tm,
Lu, and Y! system were made by melting the individual co
PRB 590163-1829/99/59~14!/9581~9!/$15.00
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stituents~taken in stoichiometric proportions! in an arc fur-
nace under high-purity argon atmosphere. The purity of
rare-earth metals and also that of Rh was 99.9% whereas
purity of Ge was 99.999%. The alloy buttons were remel
five to six times to ensure proper mixing. The samples w
annealed under high vacuum (1026 torr) at 900°C for a
week. The x-ray powder-diffraction pattern of the samp
did not show the presence of any impurity phases and
lattice constantsa andc are in agreement with those reporte
in a previous study.19 The unit cell of the tetragona
M5Rh4Ge10 structure is shown in Fig. 1. The Rh and G
atoms form planar nets of pentagons and hexagons which
stacked parallel to the basal plane and connected alongc axis
via Rh-Ge-Rh zigzag chains. The pentagon and hexagon
ers are separated by layers of rare-earth atoms. The Rh
and Ge-Ge distances are short indicating strong covalen
teractions. The values ofa and c are given in Table I with

FIG. 1. Unit cell of the tetragonal M5Rh4Ge10 (M
5Gd, Tb, Dy, Ho, Er, Tm, Lu, and Y! structure. There are 38 atom
in the unit cell and the interesting feature is the absence of di
Rh-Rh bonds. The rare-earth atom has three sites with diffe
symmetries.
9581 ©1999 The American Physical Society
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respective error. The temperature dependence of suscep
ity (x) was measured using the Faraday method in a fiel
4 kOe in the temperature range from 3 to 300 K. Isotherm
magnetization studies in some of the samples have been
ried out using a commercial superconducting quantum in
ference device magnetometer~MPMS of Quantum Design
Inc., USA! at various temperatures. The resistivity was m
sured using a four-probe dc technique with contacts m
using silver paint on a cylindrical sample of 2 mm diame
and 10 mm length. The temperature was measured usi
calibrated Si diode~Lake Shore Inc., USA! sensor. The
sample voltage was measured using a nanovoltmeter~model
182, Keithley, USA! with a current of 10 mA using a 20 ppm
stable~model 220, Keithley, USA! current source. All the
data were collected using an IBM compatible PC/AT v
IEEE-488 interface. The heat capacity in zero field betwe
2 and 35 K was measured using an automated adiabatic
pulse method. A calibrated germanium resistance therm
eter ~Lake Shore Inc, USA! was used as the temperatu
sensor in this range.

III. RESULTS

A. Normal nad superconducting state properties
of Lu5Rh4Ge10 and Y5Rh4Ge10

1. Magnetic susceptibility studies

The dc magnetic susceptibility (x) of Lu5Rh4Ge10 in its
normal state ranges from 3.231024 emu/mol at 250 K to
1.631023 emu/mol at 10 K. Such a weak temperature d
pendence ofx could arise due to two reasons. One of the
could be the presence of magnetic rare-earth impuritie
‘‘pure’’ Lu ~99.9%! and we need at least 900 ppm of Gd
account for the observed temperature dependence ofx. Al-
though Gd is a common impurity in Lu we believe that su
a large Gd concentration is unlikely. The second rea
could be the temperature variation of the density of state
the Fermi level which results in a temperature-depend
Pauli spin susceptibility as seen in some of the A-
compounds.21 Knight-shift measurements (175Lu-NMR)
would be useful to resolve this issue.

2. Resistivity studies

The temperature dependence of the resistivity (r) of
Lu5Rh4Ge10 and Y5Rh4Ge10 is shown in Fig. 2. The inse
shows that the low-temperaturer data for Lu5Rh4Ge10 un-
dergo a sharp jump at 2.4 K which corresponds to the su
conducting transition temperature (Tc) of this sample. This

TABLE I. Structural properties ofM5Rh4Ge10.

Sample a(Å ) c(Å ) V(Å 3)

Gd5Rh4Ge10 12.98460.005 4.29660.005 239.7
Tb5Rh4Ge10 12.95460.005 4.28560.005 237.8
Dy5Rh4Ge10 12.93260.005 4.26660.005 235.3
Ho5Rh4Ge10 12.91160.005 4.25260.005 233.5
Er5Rh4Ge10 12.88060.005 4.23860.005 231.4
Tm5Rh4Ge10 12.85660.005 4.22860.005 229.8
Lu5Rh4Ge10 12.82760.005 4.20960.005 227.2
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is in agreement with theTc value obtained fromx data. The
transition width (DTc) of 0.1 K is much smaller than the
previously reported value of 0.6 K.19 In the normal state
(5 K,T,25 K), the low-temperature dependence ofr
could be described by the power law

r5r01aTn, ~1!

and the fitted values ofr0 , a, andn are given in Table II.
For both specimens the optimum values ofn is found to be 3
which agrees with Wilson’ss-d scattering model forT
,uD/10.

At high temperatures (100 K,T,300 K), ther data sig-
nificantly deviate from linear temperature dependence as
seen in many other compounds where ther value is high.
This occurs because the mean free path becomes short, o
order of few atomic spacings. When that happens, the s
tering cross section will no longer be linear in the scatter
perturbation. Since the dominant temperature-depend
scattering mechanism is the electron-phonon interac
here, ther will no longer be proportional to the mean-squa
atomic displacement, which is proportional toT for a har-
monic potential. Instead, the resistance will rise less rap
than linearly in T and will show negative curvature
(d2r/dT2,0). This behavior is also seen in previous stud
on silicides and germanides.12,14

One of the models which describe ther(T) of these com-
pounds is known as the parallel resistor model.22 In this
model the expression ofr(T) is given by

1

r~T!
5

1

r1~T!
1

1

rmax
, ~2!

wherermax is the saturation resistivity which is independe
of temperature andr1(T) is the ideal temperature-depende
resistivity. Further, the ideal resistivity is given by the fo
lowing expression:

FIG. 2. Temperature dependence of resistivity (r) of
Lu5Rh4Ge10 and Y5Rh4Ge10 from 2 to 300 K. The low-temperature
r data for Lu5Rh4Ge10 ~inset! reveal the superconducting transitio
at 2.4 K with a width of 0.1 K. The solid lines are theoretical fit
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TABLE II. Parameters obtained from low and high-temperature resistivity fits inM5Rh4Ge10. T0 (TN

or Tc) is the ordering temperature except for Y5Rh4Ge10 which does not order down to 1.7 K.

Low-temperature fit (T0,T,30 K) High-temperature fit (100 K,T,300 K)
Sample r0 a n rmax r0 C uD

mV cm nV cm/Kn mV cm mV cm K

Gd5Rh4Ge10 31.2 4.88 2 280 51 63 413
Tb5Rh4Ge10 33.0 1.05 2 465 49 500 277
Dy5Rh4Ge10 22.4 6.17 2 348 31 324 272
Ho5Rh4Ge10 16.6 5.9 2 201 40 553 477
Er5Rh4Ge10 37.3 17.9 2 593 52 708 239
Tm5Rh4Ge10 23.5 22.5 2 507 59 464 214
Lu5Rh4Ge10 87.4 0.56 3 445 60 713 123
Y5Rh4Ge10 8.22 0.42 3 167 19 412 500
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r1~T!5r01C1S T

uD
D 3E

0

uD /T x3dx

@12exp~2x!#@exp~x!21#
,

~3!

wherer0 is the residual resistivity and the second term is d
to phonon-assisted electron scattering similar to thes-d scat-
tering in transition metal compounds.uD is the Debye tem-
perature andC1 is a numerical constant. Equation~2! can be
derived if we assume that the electron mean free pathl is
replaced byl 1a (a being an average interatomic spacing!.
Such an assumption is reasonable, since infinitely str
scattering can only reduce the electron mean free path ta.
Chakraborty and Allen23 have made a detailed investigatio
of the effect of strong electron-phonon scattering within
framework of the Boltzmann transport equation. They fi
that the interband scattering opens up newnonclassical
channelswhich account for the parallel resistor model. T
values of the various parameters obtained from the h
temperature fit to the model are listed in Table II.

3. Heat-capacity studies

The temperature dependence of the heat capacity (Cp)
from 2 to 35 K for Lu5Rh4Ge10 and Y5Rh4Ge10 is shown in
Fig. 3. The inset shows the low-temperatureCp data for
Lu5Rh4Ge10. The jump in Cp at 2.4 K (DCp530
mJ/mol K) shows bulk superconducting ordering in agr
ment with the above resistivity measurement. The temp
ture dependence ofCp was fitted to the expression

Cp5gT1bT3, ~4!

whereg is due to the electronic contribution andb is due to
the lattice contribution. In the temperature range from 10
20 K this yielded 2.9 mJ/Lu mol K2 and 2.95 mJ/mol K4 and
1.6 mJ/ Y mol K2 and 1.8 mJ/mol K4 for g and b in
Lu5Rh4Ge10 and Y5Rh4Ge10, respectively. For Lu5Rh4Ge10
the value of the ratioDCp /gTc is 0.9 which is significantly
reduced from the BCS value of 1.43. Low values
DCp /gTc may arise from an extrinsic effect such as ma
netic impurities or due to a two-band contribution similar
the case of the Lu2Fe3Si5 series.24 Using the relation

uD5S 12 p4 Nr kB

5b D 1/3

, ~5!
e

g

e

-

-
a-

o

f
-

where N is Avogadro’s number,r is the total number of
atoms per formula unit, andkB is Boltzmann’s constant, we
estimateuD5232 K for Lu5Rh4Ge10 and uD5273 K for
Y5Rh4Ge10.

B. MAGNETIC PROPERTIES OF
M 5Rh4Ge10 „M 5Dy, Ho, Er, Tm…

1. Magnetic susceptibility studies

The temperature dependence of the inverse dc magn
susceptibility (x21) of M5Rh4Ge10 (M5Dy, Ho, Er, and
Tm! samples is shown in Fig. 4. The inset shows the lo
temperature susceptibility behavior of Dy, Ho, and
samples. This inset indicates that Dy31, Ho31, and Er31

spins order antiferromagnetically below 6, 5, and 5 K,
spectively. The high-temperature susceptibility (100 K,T
,300 K) is fitted to a modified Curie-Weiss expressi
which is given by

FIG. 3. Plot ofCp vs T of Lu5Rh4Ge10 and Y5Rh4Ge10 from 1.9
to 30 K. The inset shows the same plot from 1.5 to 6 K to elucidate
the jump at 2.4 K (DCp530 mJ/mol K) which demonstrates th
bulk superconductivity.
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x5x01
C

~T2up!
, ~6!

whereC is the Curie constant which can be written in term
of the effective moment as

C~emu K/mol!5
meff

2 x

8
. ~7!

Here, x is the concentration ofM ions (x55 for
M5Rh4Ge10), and meff is given in terms ofmB . The main
contributions to the temperature independentx0 are the dia-
magnetic susceptibility~which arises due to the presence
ion cores! and the susceptibility of the conduction electron
The fitted values ofx0 , meff , andup are included in Table
III. In each case, the effective moment is less than
smaller than the ideal, free-ion value,m th ~which is also in-
cluded in Table III for the purpose of comparison!. Although
all four specimens were observed to order antiferromagn
cally at low temperature, the fittedup values are negative
only for Dy5Rh4Ge10 and Tm5Rh4Ge10 which could be due
to the splitting of energy levels due to the crystal-elect

FIG. 4. Variation of inverse dc susceptibility (1/x) of
M5Rh4Ge10 (M5Ho, Dy, Er, and Tm! from 3 to 300 K in a field of
4 kOe. The inset shows thex behavior from 3 to 16 K. The solid
line is a fit to the Curie-Weiss relation~see text for details!.

TABLE III. Parameters obtained from the high-temperature s
ceptibility fit to the Curie-Weiss relation inM5Rh4Ge10. m th is the
theoretical value.

Sample x0 meff m th up

Gd5Rh4Ge10 0.84 8.11 7.9 225.95
Tb5Rh4Ge10 29.48 10.42 9.7 224.5
Dy5Rh4Ge10 2.4 10.45 10.63 211.6
Ho5Rh4Ge10 2.4 10.07 10.4 2.5
Er5Rh4Ge10 2.5 9.29 9.59 8.4
Tm5Rh4Ge10 27.1 8.15 8.5 23.5
Lu5Rh4Ge10 0.17
Y5Rh4Ge10 0.29
.

ti-

field ~CEF!. However, only below 100 K do thex data of all
samples show a deviation from the Curie-Weiss plot wh
could be ascribed to the presence of crystal-field contri
tions. Figure 5 shows the isothermal magnetization data
Dy5Rh4Ge10 at temperatures of 5, 10, and 25 K. The nonli
ear behavior inM vs H at 5 K agrees with the suggestion o
antiferromagnetic ordering of Dy31 spins. At higher tem-
perature (T515 K.TN), one observes linear behavior i
magnetization which characterizes the paramagnetic sta

2. Resistivity studies

The temperature dependence of the resistivity (r) of
M5Rh4Ge10 (M5Dy, Ho, Er, and Tm! is shown in Fig. 6.
The inset shows a drop in resistivity at 5.6, 6, 5.5, and 6.5
which represent the antiferromagnetic ordering tempera
(TN) of M5Rh4Ge10 for M5Dy, Ho, Er, and Tm, respec
tively. These are close to theTN values obtained from thex
data. In the low-temperature resistivity data of Tm5Rh4Ge10,
a slope change is observed at 5 K aswell as at 6.5 K. Hence,
there is probably a second transition in this sample. In
paramagnetic region (10 K,T,30 K), the low-
temperature dependence ofr of all of these samples could b
described by the power law given by Eq.~1! and the fitted
values of the parametersr0 , a, andn are given in Table II.
The optimum value ofn is 2 suggesting that spin fluctuation
dominate the electron scattering at these temperatures
high temperatures, ther behavior is similar to that observe
in Lu5Rh4Ge10 and the data could be fitted to the paral
resistor model. Estimated Debye temperature and other fi
parameters are also given in Table II.

3. Heat-capacity studies

The temperature dependence ofCp from 3 to 35 K ~3 to
20 K for Tm5Rh4Ge10) is shown in Fig. 7. The antiferromag

-

FIG. 5. Isothermal magnetization~M! vs magnetic field~H! at 5,
10, and 25 K of Dy5Rh4Ge10 and Gd5Rh4Ge10. The nonlinearity in
M vs H at 5 K agrees with the notion of antiferromagnetic orderi
of Dy31 spins and Gd31 spins whereas the linear behavior ofM on
H at 25 K signifies that the sample is in the paramagnetic stat
this temperature.
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netic transition is observed as a sharp maximum atTN
56.2, 6.3, 5.6, and 6.9 K forM5Dy, Ho, Er, and Tm, re-
spectively. The origin of a small shoulder at 5 K for
Dy5Rh4Ge10 is not yet known. Further sharp transitions a
observed belowTN at 4.2 K for Er5Rh4Ge10 ~see inset of Fig.
7! and at 6 K for Tm5Rh4Ge10. These most likely corre-
spond to first-order spin reorientation transitions. For
ample, in the case of Er it could be an incommensurate
commensurate transition such as the one observed
Er2Fe3Si5 .25 These transition temperatures are summari
in Table IV. Included in Table V are the total entropies p
unit rare-earth ion at both the Ne´el temperature and at 35 K
In each case, the entropy at 35 K is considerably less than

FIG. 6. Temperature dependence of resistivity (r) of
M5Rh4Ge10 (M5Ho, Dy, Er, and Tm! from 3 to 300 K. The inset
shows the low-temperature behavior ofr from 2 to 20 K. The solid
line is a fit to the parallel resistor model~see text!.

FIG. 7. Plot ofCp vs T of M 5Rh4Ge10 ~M5Ho, Dy, Er, and Tm!
The calculated values of entropySm are also given in the sam
figure, from 3 to 35 K.
-
to
in
d
r

he

value ofR ln(2J11) expected for a free ion~ also included in
Table V for ease of comparison!. This confirms that CEF’s
are important. The total entropy atTN matches closely with
that of doublet ground state~possibly a doublet or a two
singlet ground state in case of the non-Kramer Ho31 and
Tm31 ions.!

C. Magnetic properties of Tb5Rh4Ge10 and Gd5Rh4Ge10

1. Magnetic susceptibility studies

The temperature dependence of the inverse dc magn
susceptibility (x21) of Tb5Rh4Ge10 and Gd5Rh4Ge10 from 3
to 300 K is shown in Fig. 8. The inset shows the susce
bility behavior at low temperatures. Antiferromagnetic orde
ing of Tb31 spins is clearly seen at 11.5 K whereas a simi
transition for Gd5Rh4Ge10 occurs at 14 K. In addition to this
metamagnetic transitions are observed at 8.5 and 6.5 K
Gd5Rh4Ge10. In both samples high-temperature susceptib
ity (100 K,T,300 K) is fitted to Eq.~6!. The estimated
effective moments are comparable to their respective free
moment. The negative value ofup is in agreement with ob-
served antiferromagnetic ordering of Tb31 and Gd31 spins.
The values of the parameters are listed in Table III for co
parison. Figure 5 shows the isothermal magnetization dat
Gd5Rh4Ge10 at various temperatures from 5 to 25 K. Th
nonlinear behavior inM vs H at 5 K agrees with the notion
of antiferromagnetic ordering of Gd31 spins. This nonlinear

TABLE IV. Transition temperatures from different measur
ment techniques. Transition temperatures refer to antiferromagn
ordering except when they are explicitly stated otherwise.

Transition
temperatures~K!

Sample Resistivity Susceptibility Heat capacit

Gd5Rh4Ge10 14,11,9,6.5 14,8.5,6.5 14,11,9,6.5
Tb5Rh4Ge10 11.5,5,3.5,2.5 11.5a 11.5,4.5,3.8,3
Dy5Rh4Ge10 5.6 6 6.2
Ho5Rh4Ge10 4.5 6 6.3
Er5Rh4Ge10 5.5 5 5.6,4.2
Tm5Rh4Ge10 6.5 6,6.9
Lu5Rh4Ge10 2.4b 2.4b

a
Other three transitions are not clearly discernible fromx data.

bSuperconducting transition.

TABLE V. Parameters obtained from the specific-heat measu
ment inM5Rh4Ge10. Entropy values are estimated for unit trivale
rare-earth ion andR is the gas constant.

Sample
TN(K)*

K S(TN)/R J ln(2J11) S(35 K)/R

Gd5Rh4Ge10 14 1.68 7
2 2.079 1.998

Tb5Rh4Ge10 11.5 0.92 6 2.565 1.3
Dy5Rh4Ge10 6.2 0.75 1

5 2.773 1.59
Ho5Rh4Ge10 6.3 0.72 8 2.833 1.73
Er5Rh4Ge10 5.6 0.77 15

2 2.773 2.41
Tm5Rh4Ge10 6.9 0.77 6 2.56 1.2a

aEntropy estimates at 20 K.
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behavior persists up to 10 K albeit with a much smal
value. At higher temperature (T525 K.TN), one observes
the usual linear behavior in magnetization which charac
izes the paramagnetic state.

2. Resistivity studies

The temperature dependence of the resistivity (r) of
Tb5Rh4Ge10 and Gd5Rh4Ge10 is shown in Fig. 9. The inse

FIG. 8. Variation of inverse dc susceptibility (1/x) of
Tb5Rh4Ge10 and Gd5Rh4Ge10 from 3 to 300 K in a field of 4 kOe.
The inset shows temperature variation of bothx anddx/dT from 6
to 20 K. The solid line is a fit to the Curie-Weiss relation~see text
for details!.

FIG. 9. Temperature dependence of resistivity (r) of
Tb5Rh4Ge10 and Gd5Rh4Ge10 from 2 to 300 K. The inset shows th
low-temperature behavior ofr from 2 to 16 K. The sharp change i
r implies multiple transitions in these samples. The solid line is a
to the parallel resistor model~see text!.
r

r-
shows the low-temperaturer data on an expanded scale. Th
r data for Tb5Rh4Ge10 show a sudden drop in resistivity a
11.5 K which is in agreement with antiferromagnetic orde
ing observed via dc susceptibility measurements. Ther data
show kinks at 5, 3.5, and 2.5 K, which could be due
multiple transitions involving Tb31 reorientations. Ther
data for Gd5Rh4Ge10 also show a cusp in resistivity at 14 K
representing antiferromagnetic ordering of Gd31. We have
also observed a change of slopes inr data ~by computing
dr/dT, not shown in the figure! at 11, 9, and 6.5 K, respec
tively, representing other transitions which have been see
x data. In the paramagnetic region (10 K,T,30 K), the
temperature dependence ofr could be fitted to the power law
given by Eq.~1!. The optimum value ofn is found to be 2
and the values ofr0 anda are given in Table II. This value
of n once again suggests the dominance of spin fluctuat
in the paramagnetic state at low temperatures. At high te
peratures, ther behavior is similar to that observed in oth
compounds of this series. Resistivity data could be fitted
the parallel resistor model. The values of the fitted para
eters are also given in Table II.

3. Heat-capacity studies

The temperature dependence ofCp from 1.8 to 35 K of
Tb5Rh4Ge10 and Gd5Rh4Ge10 is shown in Fig. 10. The large
jump at 12.0 K (DC535 J/mol K) in Cp of Tb5Rh4Ge10
shows the bulk nature of magnetic ordering which has b
seen in susceptibility and resistivity data as well. We a
observed sharp transitions at 5, 4, and 3.5 K inCp data
which are in accordance withr data. The sharpness sugges
that these transitions are probably first order and could
due to spin reorientation below the second-order antife
t

FIG. 10. Plot ofCp vs T of Tb5Rh4Ge10 and Gd5Rh4Ge10 from
2 to 35 K. Four magnetic transitions of Tb31 spins can be seen a
12, 5, 4, and 3.5 K. The sharp peaks below the second-order
sition at 12 K suggest first-order phase transitions at lower temp
tures. Quadruple magnetic transitions of Gd31 spins are also ob-
served at 14, 11, 8, and 6 K. The sharp peaks below the sec
order transition at 14 K suggest first-order phase transitions at lo
temperatures. The calculated values of entropySm are also given in
the same figure.
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PRB 59 9587MAGNETISM AND SUPERCONDUCTIVITY IN . . .
magnetic ordering at 13 K. Entropy at 35 K is found to
10.82 J/Tb mol K which is much less than expected value
R ln(2J11) and this indicates the presence of crystal-fi
contributions. In Gd5Rh4Ge10, large jump at 14 K (DC
540 J/mol K) shows the bulk nature of magnetic ordering
seen in susceptibility and resistivity data. However, furth
transitions are seen at 11.5, 9, and 6.5 K in theCp data which
are in accordance withr and x data. The origin of these
first-order transitions may be due to spin reorientations
low the first antiferromagnetic transition at 13 K. Entropy
35 K is found to be 16.6 J/Gd mol K which is close to th
value ofR ln(2J11).

IV. DISCUSSION

From Table II, most of the samples have resistivity valu
typical of rare-earth compounds at low-temperatures exc
Lu5Rh4Ge10. This is due to the inherent disorder in th
structure which arises because of the smallness of the siz
Lu31 ion. The low-temperature resistivity of the rare-ea
compounds containing magnetic elements showT2 depen-
dence suggesting the dominance of spin fluctuations.
though we could fit the high-temperature dependence ofr to
the parallel resistor model~see Table II! successfully, theuD
values obtained from such fits do not agree with those
tained from heat-capacity data for at least two nonmagn
compounds (Y5Rh4Ge10 and Lu5Rh4Ge10). One of the
causes could be due to anharmonic contribution which is
considered in the parallel resistor model. The values ofrmax
also vary considerably across the series. Our results show
inapplicability of parallel resistor model to these sampl
More investigations are clearly needed here to understand
transport properties of these compounds. We now turn
attention to some of the systematic trends observed in th
data. We find single magnetic transition in Dy5Rh4Ge10 and
Ho5Rh4Ge10 whereas Er5Rh4Ge10 and Tm5Rh4Ge10 show
double transitions. Four transitions are observed
Gd5Rh4Ge10 and Tb5Rh4Ge10. In general, the antiferromag
netic ordering temperatures for a series of isostructural
isoelectronic metals are expected to scale as (gJ21)2 J(J
11) wheregJ is the Landeg factor andJ is the total angular
momentum of the local moment. If the angular momentum
quenched thenTN is expected to scale asS(S11).

The solid line in Fig. 11 represents the ordering tempe
tures expected for various compounds based on heavy
earth elements of the seriesM5Rh4Ge10 normalized to the
observed ordering temperature~highest one! of Gd5Rh4Ge10
sinceS is a good quantum number in this case. The das
line is obtained by similar normalization to the observed
dering temperature of Gd5Rh4Ge10 and gives the ordering
temperatures for the case whereJ is the good quantum num
ber. From Fig. 11, it is evident that the ordering temperatu
of the compounds do not follow the de Gennes scalinggJ
21)2 J(J11). The fact that many of them do not follow th
de Gennes26 scaling implies that the main interaction leadin
to the magnetic transitions in this series is not the Ruderm
Kittel-Kasuya-Yosida~RKKY ! interaction. All compounds
containing the magnetic rare-earth elements approxima
show an entropy change ofR ln 2 at TN which implies a
doublet ground state. Large contributions from the CEF’s
evident since the full entropy is not released at 35 K in
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compounds except in the case of Gd5Rh4Ge10 where there is
no CEF contribution. It is well known that the CEF ca
enhance or in some cases decrease the magnetic tran
temperature27 and this could, in principle, account for th
difference between the observed data and the de Ge
scaling. If we add the CEF terms to the exchange Ham
tonian, one can write an expression for the transition te
perature as

TN5
2 G~gJ21!2SJz

Jz
2 exp~23B2

oJz
o/TN!

SJz
@exp~23B2

oJz
2/TN!#

, ~8!

whereG is the exchange constant for the 4f atoms andB2
0 is

the crystal-field parameter.28 Since Gd is anS-state ion, its
ordering temperature can be used to fix the value of the
change constant. However, we find that the calculated va
of TN are lower than the observed values ofTN if one uses
theB2

0 values from our preliminary CEF analysis. Hence, w
believe that the main reason for the discrepancy betw
observedTN and that found from de Gennes scaling may n
be due to CEF’s.

Usually one observes at best only two magnetic tran
tions in Gd-based intermetallic compounds.29,30 Hence,
the observation of four transitions in Gd5Rh4Ge10 is a unique
feature and to the best of our knowledge has not been
ported in any Gd-based intermetallic compounds. T
sharper fall inCp at 14 K on the high-temperature side pro
ably implies a usual second-order transition whereas
other three sharp transitions which occur at low temperatu
could be due to successive spin-reorientation effects.
slope (dx/dT) changes in the magnetization data at the
transitions are in agreement with the suggestion of first-or
transitions. However, at present, this is only a conject

FIG. 11. Plot of the ordering temperatures of the compounds
the seriesM5Rh4Ge10 ~M5Gd, Tb, Dy, Ho, Er, and Tm!. The
dashed lines represent the scaling law where only spin quan
numberS is used whereas the solid lines are for scaling law us
total quantum numberJ ~de Gennes scaling, see text for details!.
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which has to be verified by direct microscopic techniqu
such as magnetic x-ray scattering and electron-spin r
nance. Neutron-scattering measurements are difficult du
high absorption of neutrons by Gd and Rh. In general, as
have stated before, the magnetic ordering temperature
compounds based on rare-earth elements~especially the
compounds containing heavy rare-earth elements! in the
same series follow the de Gennes curve implying that
RKKY interaction is the dominant interaction term. How
ever, this is not so in theM5Rh4Ge10 series. Hence, the
magnetic ordering is not entirely due to isotropic exchan
~RKKY !. One of the interactions which could be domina
here is the anisotropic exchange interaction.31

In the case of 4f systems, there is a large spin-orbit co
pling because the orbital contribution to the magnetic m
ment is only partially quenched by the crystal field. Th
means, because of the highly directional nature of thef
orbitals, that the exchange between twof ions may be ex-
pected to contain certain anisotropic terms,32 which depend
on the angles between the magnetic moments and the
tallographic axes as well as on the relative angle between
magnetic moment vectors. The presence of such anisotr
interactions have been demonstrated by Birgeneau
others.33 This anisotropic interaction causes the canting
the local moments only if the total symmetry is the same
the canted as well as the uncanted state. The canting ang
usually of the order of the ratio of the anisotropic to isotrop
exchange interaction. Such a theory, in principle, could
count for the multiple transitions in systems whereLÞ0,
such as, Tb5Rh4Ge10. However, such a theory cannot b
used for Gd5Rh4Ge10 sinceL50 in this case. Here we mus
also mention that the situation in Gd5Rh4Ge10 and
Tb5Rh4Ge10 is quite complicated due to the presence of
ry
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rare-earth atoms in the unit cell with at least two differe
site symmetries. Single-crystal studies are useful in this c
and efforts to grow them are in progress.

Finally, in the structure of theM5Ir4Si10 series~as in the
case ofM5Rh4Ge10), there are multiple sites for the rare
earth atoms and the minimum distance between any
rare-earth atoms is greater than 5 Å. Moreover, the b
distance between rare earth’s in any one of the three s
with the Ir atom is greater than 3 Å. These distances are la
enough so that the exchange interaction between the m
netic rare-earth atom and the conduction electrons is we
That is why the antiferromagnetic ordering temperature
M5Ir4Si10 is quite low. Although theM5Rh4Ge10 series is
structurally similar to theM5Ir4Si10 series, it is quite possible
that the presence of Rh increases the conduction elec
density in M5Rh4Ge10 as compared toM5Ir4Si10 which
could account for the higher values of their magnetic ord
ing temperatures. The absence of the charge-density-w
transition inM5Rh4Sn10 series could be due to their large
unit-cell volume compared to that of theM5Ir4Si10 series.

V. CONCLUSION

To conclude, we have observed antiferromagnetic ord
ing in all compounds of the seriesM5Rh4Ge10 containing
magnetic rare-earth elements below 15 K. Some of th
exhibit multiple magnetic transitions which we ascribe to t
anisotropic exchange interaction, except for those
Gd5Rh4Ge10. The nonmagnetic sample Lu5Rh4Ge10 shows
bulk superconductivity at 2.4 K whereas Y5Rh4Ge10 remains
normal down to 1.7 K. The magnetic ordering temperatu
of M5Rh4Ge10 are larger than those of theM5Ir4Si10 system.
The unusual multiple transitions observed in Gd5Rh4Ge10
and Tb5Rh4Ge10 deserve further studies, preferably on sing
crystals.
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